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We discuss the influence of free carriers on the Raman scattering in n-type In2O3. For high-quality cubic
single crystals, electronic single-particle excitations are revealed as a relatively broad Raman feature in the
frequency range below 300 cm−1. Furthermore, discrete phonon lines in the same frequency range exhibit
asymmetric lineshapes characteristic for Fano resonances. The two observed spectral features contain the
potential to be utilized for the quantitative determination of the free carrier concentration in n-type In2O3 using
Raman spectroscopy as a contactless experimental technique.
Indium oxide, In2O3, is a transparent semiconducting ox-
ide which is widely used as transparent contact material in
its heavily Sn doped form. The growing interest in ad-
vanced applications, for example in transparent logic ele-
ments or conductometric gas sensors, is triggered by the
unique properties of crystalline In2O3.1 For such applica-
tions, controlled electrical doping is of crucial importance.
Typically, In2O3 exhibits an unintentional n-type bulk con-
ductivity in addition to a surface electron accumulation layer
and lacks p-type conductivity.1 Regarding the optical charac-
terization of electrical doping in In2O3, infrared absorption
spectroscopy and spectroscopic ellipsometry have been suc-
cessfully utilized.2–4 Raman spectroscopy has been proven
as another powerful method to study free carriers in var-
ious materials.5,6 The commonly offered microscopic spa-
tial resolution is one benefit of Raman spectroscopy. The
possibility to adjust the optical probing depth via the ap-
propriate choice of the excitation wavelength constitutes a
further advantage, in particular regarding the investigation
of thin films. At the same time, resonance effects can of-
ten be exploited to enhance the sensitivity for the detec-
tion of Raman signals.5,6 However, the commonly analyzed
coupled plasmon-phonon modes cannot be observed in Ra-
man spectra of cubic (bixbyite) In2O3. For centrosymmetric
bixbyite crystals only even-parity phonon modes are Raman
active7,8 for which the formation of coupled plasmon-phonon
is not expected.5,6 Instead, spectral Raman features related
to single-particle excitations in free carrier gases as well as
uncoupled plasmon modes have been reported for different
centrosymmetric semiconductors.9–15
The aim of the present work is to identify the signatures
of free carriers in Raman spectra of n-type In2O3 having the
potential to be utilized for the evaluation of characteristic
quantities such as the free electron concentration. Our study
on high-quality single crystals reveals a spectral feature due to
a continuum of electronic single-particle excitations as well
as an accompanying Fano interference with discrete phonon
lines.16
The investigated cubic bixbyite In2O3 single crystals were
grown from the melt by the so-called levitation-assisted self-
seeding crystal growth.17 In order to achieve different doping
levels, the crystals were annealed in different atmospheres
leading to free electron concentrations (Hall mobilities) in
the range of 4×1017 to 5×1018 cm−3 (180 to 140 cm2/Vs)
as determined by Hall effect measurements.3,17 Raman mea-
surements were performed in backscattering geometry from
(111) surfaces of the In2O3 crystals with the sample temper-
ature controlled by a continuous-flow cryostat. The 405-nm
(3.06 eV) and 473-nm (2.62 eV) lines of solid-state lasers
and the 632.8-nm (1.96 eV) line of a He-Ne laser were used
for optical excitation. The incident laser light was focused
by a microscope objective onto the sample surfaces. The
backscattered light was collected by the same objective with-
out analysis of its polarization, spectrally dispersed by an
80-cm spectrograph (LabRam HR Evolution, Horiba/Jobin
Yvon) and detected with a liquid-nitrogen-cooled charge-
coupled device (CCD).
Figure 1 displays room-temperature Raman spectra of
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FIG. 1. (Color online) Room-temperature Raman spectra of n-type
In2O3 crystalswith electron concentrations of 5×1018 (red), 1×1018
(green), and 4×1017 cm−3 (blue) excited at 2.62 eV. The inset shows
the same spectra magnified by a factor of 2. for a smaller frequency
range.
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FIG. 2. (Color online) Raman spectra of n-type In2O3 with an
electron concentration of 5×1018 cm−3 recorded at temperatures of
200 (red), 50 (green) and 8 K (blue) with excitation at 2.62 eV. The
inset shows the same spectra for a smaller frequency range.
In2O3 crystals with different carrier densities for excita-
tion at 2.62 eV. The spectra are dominated by the optical
phonon lines at 310, 500 and 630 cm−1. Additional weaker
phonon lines are resolved at 170, 215, 370, and 390 cm−1.7,8
As expected for centrosymmetric crystals, none of the ob-
served phonon lines exhibits a significant plasmon-coupling
induced change in intensity or frequency with increasing
doping concentration.5,6 In the case of the highest carrier
concentration of 5×1018 cm−3, however, the low-frequency
phonon lines are superimposed on a relatively broad Raman
band around 250 cm−1 (dashed line in Fig. 1) and exhibit
an asymmetric Fano lineshape.16 For the sample with the
medium carrier concentration of 1×1018 cm−3, the contri-
bution of a broad Raman feature at low frequencies is still
observable (see dashed line). This kind of spectral features
have been observed previously in Raman spectra of differ-
ent degenerately doped semiconductors.9–15,18,19 The broad
band is commonly attributed to electronic excitations in the
conduction band.5,6 The Raman peak of such single-particle
intraband excitations generally extends over the frequency
range 0 < ω < qvF, where q is the wavevector transferred
during the Raman scattering process and vF is the Fermi
velocity.20 For the sample with the highest carrier concentra-
tion, qvF is in the range of 100 cm−1 which is clearly below
the peak position of the broad band. However, in the case
of overdamped excitations, the following relaxation expres-
sion is valid to describe the lineshape for electronic intraband
Raman scattering:9,21,22
Ie(ω) ∝ 11 − e−~ω/kBT
ωΓ
ω2 + Γ2
(1)
where kB is the Boltzmann constant, T is the sample temper-
ature, and Γ is the electron relaxation rate. The resulting peak
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FIG. 3. (Color online) Top: Room-temperature Raman spectra of n-
type In2O3 with an electron concentration of 5×1018 cm−3 excited
at 1.96 (red), 2.62 (blue), and 3.06 eV. Bottom: Raman spectra
of n-type In2O3 with an electron concentration of 5×1018 cm−3
recorded at temperatures of 50 K with excitation at 2.62 eV.
position of the Raman band coincides roughly with the value
of this relaxation rate. In the case of the most heavily doped
sample, Γ ≈ 250 cm−1 (see Fig. 1) corresponds to a carrier
mobility of µel = qe/meffΓ ≈ 180 cm2/Vs (with the ele-
mentary charge qe and the effective mass meff), in reasonable
agreementwith themeasuredHallmobility of 140 cm2/Vs.17
However, the fitting of the broad Raman band with Eq. 1 does
not lead to a satisfactory result. Finally, the lineshape of the
broad band could, in principle, be influenced by intersubband
transitions between confined states in the surface electron ac-
cumulation layer of In2O3.6,23,24 This possibility can be ruled
out since the occurence of the broad low-frequency Raman
band depends strongly on the bulk carrier concentration (cf.
Fig. 1). Consequently, further work has to be done to ex-
plain more accurately the lineshape of the observed broad
Raman band. Once a satisfactory lineshape model is avail-
able, the broad low-frequency Raman band could be used for
the analysis of free carrier parameters in In2O3.
The temperature evolution of the Raman spectra in the
low-frequency range is shown in Fig. 2 for the heavily doped
sample. With decreasing temperature, the phonon line at
215 cm−1 slightly shifts to higher frequencies (see inset of
Fig. 2). Raman features related to electronic excitations are
expected to be paricularly temperature dependent, e. g., due
to changes in the Fermi distribution function and the carrier
mobility.20 Indeed, with decreasing temperature the broad
low-frequency Raman feature becomes more narrow and
shifts to somewhat higher frequencies (see dashed lines in
Fig. 2). At the same time, the Fano asymmetry of the phonon
line at 215 cm−1 becomes more pronounced. These obser-
vations support the assignment of the broad Raman band to
electronic single-particle excitations. The Fano-type line-
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FIG. 4. Inverse asymmetry parameter q−1 for n-type In2O3 with an
electron concentration of 5×1018 cm−3 as a function of the photon
energy used for the excitation of room-temperature Raman spectra.
shape Ip(ω) for discrete phonon scattering interfering these
electronic excitations is given by14,16
Ip(ω) = A (q + )
2
1 + 2
with (2)
 =
ω − ω0 − ∆ω
γ
and q =
ηRph
γRel
. (3)
Here, A describes the intensity of electronic scattering with-
out phonon interference, ω0 is the frequency of the discrete
phonon line in undoped material, ∆ω is the renormalization
shift due to the electron-phonon interaction, and γ is the
phonon linewidth. The electron-phonon matrix element is
given by η and the Raman efficiency for pure phonon scatter-
ing by Rph . The efficiency for Raman scattering by electronic
excitations Rel contains information about characteristic free
carrier parameters such as the electron concentration.11 As-
suming the broad Raman band to be described by Eq. 1, the
spectra in the low-frequency range are given by the superpo-
sition Ie(ω) + Ip(ω).
Figure 3 displays low-frequency Raman spectra (symbols)
of the most heavily doped In2O3 sample excited at different
photon energies. The agreement with simulations obtained
by linshape fittings according to Eqs. 2 and 3 (solid lines)
confirms the occurence of the Fano-type inferference. For
the fitting, the broad Raman band has been taken into ac-
count as a linear background signal (see dashed lines in
Fig. 3).25 The lineshapes of the room-temperature spectra
can be explained by a constant phonon energy but different
asymmetry parameters q. Please note, that the line narrow-
ing at low temperatures reveals the contribution of a second
weaker phonon line at the low-frequency side (see Fig. 2)
leading to a somewhat lower agreement between measured
spectrum and fitting curve (see bottom spectrum in Fig. 3).
The asymmetry of the Fano-type lineshape resulting from
the interaction between phonon scattering and electronic ex-
citations depends on the relative Raman efficiencies of the
underlying scattering mechanisms (see Eq. 3).10,11 Because
of the different resonance behaviors of vibrational and elec-
tronic Raman scattering, the asymmetry in the Fano line-
shape is, in general, expected to depend on the photon en-
ergy used for optical excitation. Indeed, the absolute value of
the inverse asymmetry parameter q−1 obtained for the room-
temperature spectra of the most heavily doped In2O3 sample
decreases with increasing photon energy as shown in Fig. 4.
Such a monotonic dependence of q−1 on the excitation en-
ergy has been found, e.g., for heavily doped silicon when
approaching resonance conditions with energy gaps at criti-
cal points in the electronic band structure.10,12 In the case of
p-type silicon, a linear increase of |q |−1 has been observed
for photon energies in the range between 2.1 and 2.7 eV re-
sulting from the specific resonance behaviors of the involved
electronic and vibrational Raman scattering mechanisms.10
In the present case, the decrease of |q |−1 is attributed to
the approaching resonance conditions with the fundamental
(2.75 eV) and optical (3.8 eV) band gaps of In2O3.4 For a fixed
excitation condition, however, the magnitude of the asymme-
try parameter q, as well as the renormalization shift ∆ω and
the linewidth γ (see Eqs. 2 and 3) have been demonstrated
to be quantitative measures for the carrier concentration in
different materials once calibrated by using an appropriate
sample series.11,18,19 Furthermore, the lineshape of the Ra-
man peak due to electronic single-particle excitations (see
Fig. 1) might contain information about the carrier mobility
(see Eq. 1). However, further work is needed to determine
the dependence of the lineshape parameters (see Eqs. 1 to 3)
on the doping concentration and mobility. Such a calibration
has to be done at a fixed excitation energy (see Fig. 4) utiliz-
ing a sample series with the carrier concentration varying in
a large range.
In conclusion, electronic single-particle excitations and
associated Fano interferences with discrete phonon lines are
the signatures of free carriers in Raman spectra of n-type
In2O3. With further calibration work, these spectral features
constitute the basis for the evaluation of the free carrier con-
centration in In2O3 without the need of electrical contacts.
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